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Abstract 
This project examines transient induction motor machine torque during fast bus 
transfers. In an effort to limit the damage to motors during a transfer, industry standards 
specify that the resultant vectorial volts per hertz between the motor and voltage source must 
not exceed 1.33 per unit. This project studies the correlation between induction motor 
electromagnetic torque and the industry reclosing limit for multi-motor systems. A dynamic 
induction motor model is presented and a three-motor bus that is typical of nuclear power 
stations is modeled for the simulation of the fast bus transfer. A signal processing approach to 
determining the instantaneous volts per hertz phasor of the multi-motor bus is presented. 
Simulations of fast bus transfers of varying length are performed and the results are discussed.  
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1. Introduction 
1.1 Summary of Fast Bus Transfers 
During the normal operation of an electrical power station, a network of auxiliary 
electrical systems is powered by the plant’s main generator. The largest electrical loads in the 
plant are induction motors which serve various pumps, fans, and valves. In the case of a nuclear 
power station, for instance, many of these induction motors drive cooling water pumps that are 
critical to the safe operation of the plant. Continuous operation of these pumps is required and 
service cannot be interrupted for any significant period of time. Following an event such as a 
turbine or generator trip, all of the plant’s induction motors are disconnected from their normal 
source of power, the station generator. In order to keep the disruption as short as possible and 
ensure the continuous operation of the critical loads, control relays are used to initiate a fast 
bus transfer in which the motors are reconnected to a secondary source.  
When a fast bus transfer is initiated, control relays signal the normally closed breakers 
feeding the motor bus from the primary source bus to trip open. Once the breaker contacts 
have parted and the electrical arc has been extinguished, control relays signal the normally 
open breakers feeding the motor bus from a secondary source bus to close. It is important to 
note that the arc is not extinguished simultaneously in all three phases. The arc is extinguished 
in one phase when the current in that phase reaches a natural zero crossing. The induction 
motor continues to operate asymmetrically for a fraction of a cycle until the current, which is 
now the same through the remaining two phases, reaches a natural zero crossing and all arcs 
are extinguished. The dead bus time is the period between the arcs extinguishing in the primary 
source bus breaker and the contact closing in the secondary source bus breaker. There is no 
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intentional time delay for a fast bus transfer. The length of the transfer is governed by the dead 
bus time and will be different among power stations. Moreover, there is often uncertainty in 
the dead bus time due to tolerances in the relaying speed. For a given relay and breaker 
system, the length of a fast bus transfer may vary by a fraction of a cycle. Industry standards 
define a fast bus transfer as a reclosing that occurs within a period of 10 cycles or less [1].   
During the dead bus time when the motors are disconnected from their primary source 
of power, the motor terminal voltage will begin to decrease as the residual magnetic flux and 
current trapped in the rotor circuit decays exponentially. Furthermore, the voltage frequency 
will decrease as the rotor shaft slows its rotation at a rate proportional to the load torque and 
total inertia. As a result, the phase angle of the motor voltage relative to the source voltage will 
increase in magnitude. In an actual power station, multiple induction motors are typically 
connected to a single bus and thus have their terminals connected in parallel. Consequently, 
there is also flux and current that remains trapped in the stator circuit of each motor. The high 
load inertias of larger motors drive the rotors and cause those motors to operate as generators 
during the dead bus time. Thus, in a multi-motor system, the residual motor bus voltage is a 
function of the dynamics among all of the connected motors instead of the open circuit voltage 
of a single motor corresponding to its back electromotive force. At the moment of reclosure, 
the motor bus volts per hertz phasor and the secondary source bus volts per hertz phasor will 
not have the same magnitude and may not be at the same angle. As a result, large transient 
currents will appear in the stator and rotor circuits and the magnitude of the electromagnetic 
torque produced may become unacceptably large.   
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1.2 Literature Review 
In order to limit the damage to equipment during reclosure, industry standards 
recommend certain conditions that must be met during a fast bus transfer. The American 
National Standards Institute (ANSI) standard C50.41-2000 specifies that the resultant vectorial 
volts per hertz between the incoming source volts per hertz phasor and the instantaneous 
motor bus volts per hertz phasor must not exceed 1.33 per unit [1]. The standard was first 
established by ANSI in 1977 and adopted by the National Electrical Manufacturers Association 
(NEMA) in the following year in NEMA MG-1-1978 [2]. Nine years later, NEMA withdrew this 
reclosing limit from its standard after the results of a number of studies gave rise to doubt 
about its effectiveness at limiting torque [2]. While it is possible to limit the transient torque by 
allowing the residual motor bus voltage to decay to a sufficiently small value through use of a 
slow transfer, this is an unacceptable method when critical loads are being served. Effectively 
limiting the transient torque during reclosure is of specific concern for nuclear power stations 
that rely on fast bus transfers. While an overstressing of equipment might not lead to 
equipment failure after the first occurrence of a large transient torque, its effects may go 
unnoticed leading to an eventual failure [2].  
The 1.33 volts per hertz criterion has been examined in a number of papers though its 
relation to torque for systems with multiple motors connected to a single bus has not been 
studied in depth [3]-[6]. While [4] considers a case where capacitors are present across the 
motor terminals, [3] and [5] only consider the open circuit voltage and therefore do not 
examine the effects of stator trapped flux and current. Shaltout and Al-Omoush consider the 
effects of stator trapped flux and current [6]. In this study, however, the motor is connected to 
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a transformer and not connected to other motors. Before discussing the results of these 
studies, attention should be given to what is meant by a resultant vectorial volts per hertz 
phasor. The phasor is defined by Equation (1.1) and is used to relate the motor bus voltage, 
frequency, and angle to the secondary source bus voltage, frequency, and angle.  
  ̃            ̃   ̃  (1.1) 
The magnitude of each phasor is the per unit voltage divided by the per unit frequency. In order 
to simplify calculations, the angle of the motor bus phasor is relative to the angle of the source 
bus phasor which is fixed at zero. This phasor diagram is illustrated in Figure 1.1.  
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Figure 1.1: Diagram of Source Bus, Motor Bus, and Resultant Voltage Phasors 
 
It is assumed that before disconnection,  ̃  and  ̃ are equal.  In an actual system, however, the 
primary source feeding the motor bus before the transfer and the secondary source feeding the 
bus after reclosure are potentially operating with a phase angle difference. In a typical 
configuration at a nuclear power station, the primary and secondary source buses are fed by 
separate transformers which are each connected to a different transmission grid voltage level. 
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The IEEE Design Guide for Electric Power Service Systems for Generating Stations recommends 
that a zero phase difference be maintained at each voltage level, and it is assumed for fast bus 
transfers that the two sources are operating in synchronism [7]. 
One of the difficulties in analyzing the transient responses of multi-motor systems as 
they relate to the ANSI 1.33 limit is the challenge of developing a phasor representation of the 
residual motor bus voltage and consequently the motor bus volts per hertz phasor,  ̃ . Phasor 
notation is commonly used for representing signals with constant amplitude and frequency. 
While representing the secondary source voltage as a phasor is trivial, representing the residual 
motor bus voltage as a phasor presents a number of problems. Both the voltage magnitude and 
the time rate of change of the voltage phase angle are non-constant during the dead bus time. 
A paper by Daugherty [3] presents a method for determining the instantaneous phasor 
representation of the open-circuit residual motor voltage using Equations (1.2)-(1.5). When the 
motor is disconnected, no current will flow in the stator and the electromagnetic torque will be 
zero. Assuming a constant load torque, the time rate of change of rotor speed is given by 
Equation (1.2). Using this constant deceleration, the approximate phase angle difference 
between the secondary bus voltage and the residual motor voltage can be approximated by 
Equation (1.3). 
 
  
   
 
 (1.2) 
 
       [(      )  
  
 
] (1.3) 
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The residual motor voltage magnitude decreases at an exponential rate defined by the motor 
open circuit time constant given by Equation (1.4). Using this time constant, the magnitude of 
the motor residual voltage is given by Equation (1.5). 
 
  
      
(  )  
 (1.4) 
        
  
 ⁄  (1.5) 
While this method is extremely useful for determining an approximate instantaneous phasor 
representation of the residual voltage for a single motor, it cannot be used for a system where 
multiple motors have their terminals connected in parallel to a single bus. The method also 
assumes a constant deceleration and needs to be modified if load torque varies with rotor 
speed. It is desirable to implement another method for estimating the residual motor bus 
voltage magnitude, frequency, and phase angle for multi-motor systems.  
Transient torque after reclosure for single-motor systems has been examined in a 
number of studies [3]-[6]. Results presented by Daugherty [3] only utilize the resultant voltage 
phasor. This resultant voltage phasor should not be confused with the resultant volts per hertz 
phasor used in the ANSI standard. In a written discussion following his paper [3], however, 
Daugherty asserts that there is never more than a five percent difference between the standard 
voltage phasor and the volts per hertz phasor for the dead bus times simulated. Care should be 
taken when using this approach on other systems, as the difference between the two phasors 
may become significantly large. Daugherty’s work shows that for a single 250 HP motor, peak 
torque values can occur when the resultant vectorial voltage phasor is less than 1.33 that are 
larger than peak torque values that occur when the phasor is greater than 1.33. Htsui has 
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performed multiple studies [4], [5] for single motor systems to examine transient torques 
during bus transfers. His first study examines the electromagnetic torque of a single 1250/2500 
HP dual speed motor for cases with and without capacitors across the motor terminals. 
Similarly to Daugherty’s results, the simulations of the study show cases where the peak 
electromagnetic torque is greater for resultant vectorial volts per hertz values within the 1.33 
limit than for values outside of the limit. In a second study [5], Htsui examines the 
electromagnetic torque for cases of non-simultaneous reclosing using the same machine from 
his previous study. The results of the study indicate that the 1.33 volts per hertz limit is not 
effective at limiting the peak electromagnetic torque [5]. A study by Shaltout and Al-Omoush 
examines the impact of stator trapped current and flux [6]. Their system models a motor 
connected to a transformer. An equivalent circuit is used to model the transformer when its 
primary side is disconnected from the source voltage. The equivalent circuit consists of a series 
impedance and shunt magnetizing reactance. While the paper does not consider the 1.33 limit 
specifically, results indicate that the resultant volts per hertz method is not a good predictor of 
maximum electromagnetic torque.   
1.3 Scope of Work 
Fast bus transfers at electric power stations can cause large transient torques in 
induction motors serving critical loads. In an effort to limit the severity of transients during 
reclosure, industry standards restrict fast bus transfers using a maximum 1.33 per unit resultant 
vectorial volts per hertz criterion. This thesis seeks to find the correlation between the 
maximum transient machine torque and the 1.33 criterion for a practical system that might be 
encountered. Specifically, a multi-motor system which models a typical motor bus configuration 
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at a nuclear power station is studied. The use of a multi-motor system allows for an 
examination of the machine dynamics during the dead bus time and for the effects of stator 
trapped flux to be considered. A method for estimating the instantaneous residual motor bus 
voltage phasor is presented. The system is simulated using a dynamic motor model and the 
results are discussed.  
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2. System Modeling and Calculations 
2.1 Induction Motor Dynamic Model 
In order to capture the transient dynamics of the induction motor during the fast bus 
transfer, a fourth-order model in the stationary qd0 reference frame is used to model the 
electrical dynamics. An extensive derivation of this model and the transformation to the 
stationary reference frame is detailed by Krause [8]. The stator voltages and currents are 
transformed to the stationary reference frame in Equations (2.1)-(2.4). 
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The stator voltages and currents are expressed in terms of the stationary reference frame q-axis 
and d-axis voltages and currents in Equations (2.5)-(2.10). 
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The induction motor model in the arbitrary reference frame [8], with rotor variables referred to 
the stator, is given by Equations (2.11)-(2.14) as 
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   ̇  (2.14) 
where  denotes flux linkages per second. It is important to note that in the stationary 
reference frame,  is set to zero. Additionally, it is assumed that the rotor bars are shorted and 
therefore     and     are set to zero. The equations for flux linkages per second [8] are given 
by Equations (2.15)-(2.18). 
              (       ) (2.15) 
              (       ) (2.16) 
              (       ) (2.17) 
              (       ) (2.18) 
The q-axis and d-axis equivalent circuits that represent Equations (2.11)-(2.18) are shown in 
Figure 2.1. 
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Figure 2.1: Induction Motor q-axis and d-axis Equivalent Circuits  
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Equations (2.15)-(2.18) are rearranged to solve for the currents as a function of the flux linkages 
and are given by Equations (2.19)-(2.22) as  
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where [8] 
       (       ) (2.23) 
       (       ) (2.24) 
The equations for current are used to rewrite Equations (2.23)-(2.24) to eliminate current. The 
new expressions are given by Equations (2.25)-(2.26). 
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 By eliminating the currents in Equations (2.11)-(2.14) using Equations (2.19)-(2.22), the time 
rate of change of the flux linkages per second can now be expressed in Equations (2.27)-(2.30). 
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The expression for per unit electromagnetic torque [8] is given as a function of stator flux 
linkages per second and currents in Equation (2.31). 
                  (2.31) 
The mechanical system attached to the rotor is represented by Equation (2.32). The inertia 
constant, , is the combined rotor and load inertia 
 
  ̇  
 
  
[     ] (2.32) 
 
2.2 Motor Bus Configuration and Machine Parameter Assignment 
For the simulation of a fast bus transfer that might occur at a nuclear power station, a 
single 4.16 kV bus is modeled with three induction motors serving critical loads. The loads 
include a recirculating water pump, a condensate pump, and a condensate booster pump. The 
selection of this voltage level and these loads is done in accordance with the auxiliary electrical 
system one-line diagram for a typical Westinghouse pressurized water reactor [9]. During 
normal operation, the motor bus is fed by the station generator through a unit auxiliary 
transformer. After the fast bus transfer, the motor bus is fed by the power transmission grid 
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through a reserve auxiliary transformer. In this model, system impedances are neglected. Both 
the primary and secondary sources feeding the motor bus are modeled as a 4.16 kV infinite bus.   
The rated horsepower and number of poles for each motor use standard values for 
machines serving the three loads previously mentioned. This choice of values is based on typical 
pressurized water reactor plant designs for American nuclear stations [10]. Table 2.1 lists the 
machine parameters for the three induction motors. Machine parameters for the recirculating 
water pump motor use the 6000 HP motor equivalent circuit data used in a study by Waters 
and Willoughby [11]. Machine parameters for the condensate booster pump motor use the 
5000 HP motor parameters used by Das in his textbook [12]. The 1250 HP condensate pump 
uses machine parameters that are typical of motors serving water pumps [13]. The combined 
rotor and load inertia constants are typical of large industrial motors and water pumps [13].  
 
Table 2.1: Machine Parameters 
 Recirculating Water 
Pump 
Condensate Booster 
Pump 
Condensate Pump 
      6000 HP 5000 HP 1250 HP 
      4.16 kV 4.16 kV 4.16 kV 
  6 4 6 
   0.0042 p.u. 0.0075 p.u. 0.013 p.u. 
   0.0973 p.u. 0.0656 p.u. 0.14 p.u. 
   4.853 p.u. 3.0 p.u 2.4 p.u. 
   0.0078 p.u. 0.0075 p.u. 0.009 p.u. 
   0.0977 p.u. 0.0984 p.u. 0.12 p.u. 
  1.5 s 0.8 s 0.8 s 
 
 
15 
 
2.3 Load Model 
A quadratic load model given by Equation (2.33) is used to provide the load torque for 
each induction motor [13]. At rated torque, 1 per unit, the induction motor’s rotor will be 
rotating at less than synchronous speed. A constant offset is added to the model so that 1 per 
unit load torque is applied when the induction motor is operating at rated speed. Table 2.2 lists 
the constant values used for each load model. 
 
   (
  
     
)
 
          (2.33) 
 
Table 2.2: Load Torque Constants 
Load Constant 
Recirculating Water Pump 0.0170 
Condensate Booster Pump 0.0163 
Condensate Pump 0.0227 
 
As Equation (2.32) shows, the rotor and load inertias are combined into one constant in 
the mechanical model used for this system. It is important to note that the rotor and load 
inertias are not necessarily the same and that the shaft can be represented as a spring and 
damper system. While the shaft damping can be ignored for the fast bus transfer simulation [3], 
the spring constant will have an effect on the shaft’s transient torque response. Equation (2.32) 
can be modified in order to model the stress across the shaft by accounting for the shaft spring 
constant and difference in inertias at the rotor and load. The acceleration at the rotor and load 
is given by Equations (2.34)-(2.35). The rate of change of shaft torque, assuming zero damping, 
is given by Equation (2.36). 
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   ̇   [     ] (2.36) 
A number of challenges arise when attempting to model the torsional response of the motor-
load system. Uncertainty in the shaft’s lumped spring constant can lead to significantly different 
responses. It has been shown that the peak shaft torque is very sensitive to the spring constant 
[14]. Moreover, the ratio of rotor inertia to load inertia will impact the torsional response. As a 
result, the shaft dynamics will vary considerably among motor-load systems at power stations.   
An examination of the shaft torsional responses presented by Daugherty show that the 
peak shaft torque follows the magnitude of the peak electrical torque [3]. This thesis models 
the rotor and load inertia as a lumped system using Equation (2.32) and examines the positive 
and negative peak electromagnetic torque.  
2.4 Calculation of Resultant Volts per Hertz 
Calculation of the resultant vectorial volts per hertz requires knowledge of the 
instantaneous residual motor bus volts per hertz phasor. An effective method for calculating 
this has been presented in [3]; however, this method is only applicable to single-motor systems 
and only considers the resultant voltage phasor rather than volts per hertz phasor. In order to 
find an estimate of a multi-motor system’s residual voltage phasor, a signal processing 
approach is used. It has been shown that a real signal can be transformed into an analytic signal 
in the same domain using the Hilbert transform [15]. Moreover, this analytic signal contains 
information about the instantaneous magnitude and phase of the real signal. When defined in 
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the time domain, the Hilbert transform of a signal is the convolution of that signal with the 
function 
 
  
. An explicit formulation of the transform is given by Equation (2.37) with  ( ) 
denoting the time-varying residual motor bus voltage. 
 
 ̂( )  
 
 
 ∫
 ( )
   
 
  
   (2.37) 
It is important to note that it is not possible to calculate the integral using ordinary methods 
because of the case where    . The   in Equation (2.37), however, allows the improper 
integral to be well defined using the Cauchy principal value [15]. The time-varying residual 
motor bus voltage is combined with its transform to create the analytic signal given by Equation 
(2.38). The analytic signal is a rotating vector describing the instantaneous magnitude and 
phase of the real signal. 
  ̃        ( )    ( )    ̂( ) (2.38) 
For a given reclosure time, the instantaneous magnitude and phase of the motor residual bus 
voltage can be found using Equations (2.39)-(2.40). The instantaneous motor bus frequency, in 
per unit, can be found by examining the rate of change of the phase angle and is given by 
Equation (2.41). 
 
  ( )   √  ( )   ̂ ( ) (2.39) 
 
 ( )        (
 ̂( )
 ( )
) (2.40) 
 
   
 
  
 ( )
    
 (2.41) 
18 
 
It is desirable to express the motor bus phasor relative to a fixed source bus phasor. Equation 
(2.42) gives the expression for the relative phase angle between the motor bus and source bus. 
An expression for the motor bus volts per hertz phasor in per unit relative to the source bus is 
given by Equation (2.43).  
     ( )         ( ) (2.42) 
 
 ̃ ( )  
  ( ) 
 (    ( ))
  
 (2.43) 
The resultant vectorial volts per hertz between the motor bus and source bus is simply the 
difference between the two phasors given by Equation (2.44). A more general form is given in 
Equation (2.45) where   ̃ denotes the per unit volts per hertz of the source bus [1]. 
           ( )     ̃ ( ) (2.44) 
 
          ( )  √(  ̃)
 
(
   ( )
  
)
 
    ̃
   ( )
  
   (    ( )) (2.45) 
 
  
19 
 
3. Simulations 
The simulation of the system is controlled with MATLAB and performed using 
SimPowerSystem blocks in Simulink that implement the mathematical equations presented in 
Chapter 2. The solution to the model is found using Simulink’s ODE23tb solver with a variable 
step-size and maximum step of 5e-5. ODE23tb is an implementation of the TR-BDF2 
(trapezoidal rule and the backward differentiation formula of order 2) numerical integration 
method which is an implicit Runge-Kutta formula.  
3.1 Motor Bus Residual Voltage 
The decay of the motor bus voltage is found by simulating the system after the motor 
bus is disconnected from its primary source. The system is initially in steady state with all 
motors operating at rated torque. At time    , the primary source bus breaker is tripped and 
the motor bus voltage decays to zero. The analytic signal,  ̃        ( ) in Equation (2.38), is 
approximated using the “hilbert” function command in MATLAB. Figure 3.1 shows the phase A 
residual motor bus voltage and the magnitude of its instantaneous phasor. The voltage 
response of the motor bus shows an abrupt change approximately one millisecond after the 
breaker is tripped, indicative of one phase opening at the first current zero crossing. Similarly, 
there is another abrupt change a few milliseconds later when the remaining two phases are 
opened. One can see from the phasor magnitude in Figure 3.1 that the Hilbert transform does 
not provide a good estimate during these switching events. Nevertheless, it is evident from 
Figure 3.1 that this method produces a very good estimate of the instantaneous residual motor 
bus voltage magnitude after the switching events have occurred. 
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Figure 3.1: Phase A Motor Bus Voltage and Instantaneous Magnitude Following a Source Bus Breaker Trip at     
 
 A closer examination of the instantaneous magnitude estimate in Figure 3.1 reveals some 
ripples shortly after the switching events. This behavior is not unique to this system and has 
been shown to occur when using the Hilbert transformation for envelope detection of 
sinusoidal exponential signals [16].   
 The approach to calculating the resultant voltage phasor is simplified by fixing the 
source bus voltage phasor at angle zero and referencing the motor bus phasor relative to that.  
Figure 3.2 shows the motor bus phase angle relative to the source bus phase angle. The results 
again show that the Hilbert transform does not provide a good estimate of the relative phase 
angle during switching events. Once the switching events have occurred, however, this method 
again produces a good estimate of the relative phase angle, which can be manually validated at 
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a given time by comparing a plot of both the motor and source bus voltages. Immediately 
following the complete disconnection of the motor bus from the source bus, it is evident from 
Figure 3.2 that the relative phase angle does not start out at zero. The rotor speed of each of 
the three motors is less than synchronous speed, thus giving rise to the abrupt change in 
relative phase angle at the time of disconnection. Some small ripples are present in the 
estimate of the phase angle, but they are quickly attenuated. 
 
Figure 3.2: Phase A Motor Bus Voltage Angle Relative to the Source Bus Following a Source Bus Breaker Trip at     
 
A diagram can be plotted showing the motor bus voltage phasor relative to the source 
bus voltage phasor fixed at angle zero.  Figure 3.3 shows the locus of the motor bus voltage 
phasor beginning one cycle after the source breaker is tripped. This locus illustrates how the 
motor bus voltage magnitude and phase angle, with respect to the source bus, change over 20 
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cycles.  Figure 3.4 shows the resultant vectorial volts per hertz between the source phasor and 
motor phasor. It is evident that the effect of the ripples has a negligible impact on the results. 
The ripples are barely detectable in the resultant vectorial volts per hertz shown in Figure 3.4 
and occur far from the 1.33 volts per hertz criterion. While the ripples present in this simulation 
are not significant and have little impact on the analysis, they may be of concern in other 
simulations. Their impact can be diminished through smoothing, thus increasing the accuracy of 
the estimate. This smoothing is accomplished by passing the magnitude and phase angle 
estimates through carefully tuned low pass filters [16].   
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Figure 3.3: Locus of Motor Volts per Hertz Phasor for 1 to 20 Cycles Following a Source Breaker Trip at     
 
Figure 3.4: Resultant Vectorial Volts per Hertz for 1 to 20 Cycles Following a Source Breaker Trip at      
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3.2 Fast Bus Transfer 
The simulation of the fast bus transfer is performed for nine different scenarios. Initially 
the system is operating in steady-state with all three motors loaded at rated torque. At time 
     , the primary source breaker is tripped. The first phase disconnects after a natural 
current zero crossing, and this disconnection is followed by the disconnection of the remaining 
two phases when the next natural current zero crossing is reached. After a specified period of 
time following the primary source breaker trip, the secondary source breaker is closed. It is 
assumed that the primary and secondary source buses are operating at the same voltage angle 
[7], [17]. In order to give a range across potential fast bus transfer times, the simulation is 
performed using dead times of one to ten cycles in one cycle steps. Figures 3.5-3.34 show the 
electromagnetic torque responses of the three induction motors for all dead bus times 
simulated. The figures are arranged in order of increasing dead bus times. To illustrate the 
difference in voltages at the time of reclosure, Figures 3.35-3.44 show plots of the phase A 
motor and source bus voltages for the simulated dead bus times.  
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Figure 3.5: Electromagnetic Torque Response of the 
Recirculating Water Pump Motor Following a 1 cycle Transfer 
 
 
Figure 3.8: Electromagnetic Torque Response of the 
Recirculating Water Pump Motor Following a 2 cycle Transfer 
 
Figure 3.6: Electromagnetic Torque Response of the 
Condensate Booster Pump Motor Following a 1 cycle Transfer 
 
Figure 3.9: Electromagnetic Torque Response of the 
Condensate Booster Pump Motor Following a 2 cycle Transfer 
 
Figure 3.7: Electromagnetic Torque Response of the 
Condensate Pump Motor Following a 1 cycle Transfer 
Figure 3.10: Electromagnetic Torque Response of the 
Condensate Pump Motor Following a 2 cycle Transfer 
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Figure 3.11: Electromagnetic Torque Response of the 
Recirculating Water Pump Motor Following a 3 cycle Transfer 
 
 
Figure 3.14: Electromagnetic Torque Response of the 
Recirculating Water Pump Motor Following a 4 cycle Transfer 
 
Figure 3.12: Electromagnetic Torque Response of the 
Condensate Booster Pump Motor Following a 3 cycle Transfer 
 
Figure 3.15: Electromagnetic Torque Response of the 
Condensate Booster Pump Motor Following a 4 cycle Transfer 
 
Figure 3.13: Electromagnetic Torque Response of the 
Condensate Pump Motor Following a 3 cycle Transfer 
Figure 3.16: Electromagnetic Torque Response of the 
Condensate Pump Motor Following a 4 cycle Transfer 
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Figure 3.17: Electromagnetic Torque Response of the 
Recirculating Water Pump Motor Following a 5 cycle Transfer 
 
 
Figure 3.20: Electromagnetic Torque Response of the 
Recirculating Water Pump Motor Following a 6 cycle Transfer 
 
Figure 3.18: Electromagnetic Torque Response of the 
Condensate Booster Pump Motor Following a 5 cycle Transfer 
 
Figure 3.21: Electromagnetic Torque Response of the 
Condensate Booster Pump Motor Following a 6 cycle Transfer 
 
Figure 3.19: Electromagnetic Torque Response of the 
Condensate Pump Motor Following a 5 cycle Transfer 
Figure 3.22: Electromagnetic Torque Response of the 
Condensate Pump Motor Following a 6 cycle Transfer 
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Figure 3.23: Electromagnetic Torque Response of the 
Recirculating Water Pump Motor Following a 7 cycle Transfer 
 
 
Figure 3.26: Electromagnetic Torque Response of the 
Recirculating Water Pump Motor Following a 8 cycle Transfer 
 
Figure 3.24: Electromagnetic Torque Response of the 
Condensate Booster Pump Motor Following a 7 cycle Transfer 
 
Figure 3.27: Electromagnetic Torque Response of the 
Condensate Booster Pump Motor Following a 8 cycle Transfer 
 
Figure 3.25: Electromagnetic Torque Response of the 
Condensate Pump Motor Following a 7 cycle Transfer 
Figure 3.28: Electromagnetic Torque Response of the 
Condensate Pump Motor Following a 8 cycle Transfer 
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Figure 3.29: Electromagnetic Torque Response of the 
Recirculating Water Pump Motor Following a 9 cycle Transfer 
 
 
Figure 3.32: Electromagnetic Torque Response of the 
Recirculating Water Pump Motor Following a 10 cycle 
Transfer 
 
Figure 3.30: Electromagnetic Torque Response of the 
Condensate Booster Pump Motor Following a 9 cycle Transfer 
 
Figure 3.33 Electromagnetic Torque Response of the 
Condensate Booster Pump Motor Following a 10 cycle 
Transfer 
 
Figure 3.31: Electromagnetic Torque Response of the 
Condensate Pump Motor Following a 9 cycle Transfer 
Figure 3.34: Electromagnetic Torque Response of the 
Condensate Pump Motor Following a 10 cycle Transfer 
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Figure 3.35: Voltage Response Following a 1 cycle Transfer 
 
 
Figure 3.38: Voltage Response Following a 4 cycle Transfer 
 
Figure 3.36: Voltage Response Following a 2 cycle Transfer Figure 3.39: Voltage Response Following a 5 cycle Transfer 
Figure 3.37: Voltage Response Following a 3 cycle Transfer Figure 3.40: Voltage Response Following a 6 cycle Transfer 
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Figure 3.41: Voltage Response Following a 7 cycle Transfer 
 
 
Figure 3.43: Voltage Response Following a 9 cycle Transfer 
 
Figure 3.42: Voltage Response Following a 8 cycle Transfer Figure 3.44: Voltage Response Following a 10 cycle Transfer 
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3.3 Discussion and Analysis of Results 
The electromagnetic torque responses in Figures 3.5-3.34 illustrate the dynamic 
relationship shared among the three motors. Although the source voltage is disconnected from 
the motor bus during the dead bus time, the electromagnetic torque produced by each motor 
does not remain at zero. In general the condensate and condensate booster pump motors 
produce a positive electromagnetic torque during the dead bus time while the recirculating 
water pump motor produces a negative electromagnetic torque. The recirculating water pump 
motor’s large load inertia, which is much larger than the load inertia of the other two motors, 
drives its rotor and allows the machine to operate as a generator during the dead bus time. For 
transfers that occurred in 6 cycles or less, the peak electromagnetic torque is positive. 
Moreover, the peak negative torque never falls below  1.0 p.u. after reclosure. After 7 cycles, 
however, a larger negative valued torque begins to appear. As the length of the transfer 
increases and the relative voltage angle between the motor bus and the secondary voltage 
source grows larger, the peak electromagnetic torque for each of the motors is negative valued. 
Figures 3.45-3.47 show the magnitude of the peak electromagnetic torque versus the length of 
the fast bus transfer.  
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Figure 3.45: Magnitude of Peak Electromagnetic Torque of the 
Recirculating Water Pump Motor Following Reclosure 
 
 
Figure 3.46: Magnitude of Peak Electromagnetic Torque of the 
Condensate Booster Pump Motor Following Reclosure 
Figure 3.47: Magnitude of Peak Electromagnetic Torque of the 
Condensate Pump Motor Following Reclosure 
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The plots of peak torque versus time give useful insight into the effect the dead bus 
time has on the resultant peak torque. The IEEE Design Guide for Electric Power Service 
Systems for Generating Stations states that for fast bus transfers of 3-6 cycles, the resultant 
voltage is not expected to be outside of the 1.33 limit [7]. Figure 3.4 shows that this is true for 
this system; however, the peak torque versus time plots shown in Figures 3.45-3.47 show the 
maximum positive peak torque occurring near 6 cycles, which indicates that unacceptably high 
peak torques might occur for dead bus times in the 3-6 cycle range that are near 6 cycles. While 
examining the effects of dead bus time on the peak torque is practical for a single system, it 
cannot be generalized to other systems which will have different machine sizes and load 
inertias. Therefore, while very fast transfers will generally result in the lowest peak torque, a 
maximum peak torque versus time relationship can only be established on a per system basis.   
Rather than using the length of the fast bus transfer as a metric, ANSI uses the 1.33 
criterion based on the differences in voltage, angle, and frequency. A diagram can be plotted to 
examine the relationship between the 1.33 volts per hertz reclosing limit and the peak torque. 
Figures 3.48-3.50 show plots of the peak torque versus the resultant vectorial volts per hertz. It 
is interesting to note that these curves are very similar in shape to the curves showing peak 
torque versus time in Figures 3.45-3.47. The only noticeable differences in shape occur at both 
low and high values of resultant vectorial volts per hertz. The similarity in shape is a result of 
the nearly linear relationship between the resultant volts per hertz and time for dead bus times 
of approximately 2 to 9 cycles as shown in Figure 3.4. This nearly linear relationship, however, is 
unique to this system.   
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Figure 3.48: Magnitude of Peak Electromagnetic Torque of the 
Recirculating Water Pump Motor Following Reclosure 
 
 
Figure 3.49: Magnitude of Peak Electromagnetic Torque of the 
Condensate Booster Pump Motor Following Reclosure 
Figure 3.50: Magnitude of Peak Electromagnetic Torque of the 
Condensate Pump Motor Following Reclosure 
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Based on the 1.33 volts per hertz standard, one would expect the values of peak torque within 
the limit of the criterion to be less than the peak torque values outside of the limit. It is evident 
from Figures 3.48-3.50, however, that this is not the case. While it appears that the maximum 
positive peak torque for the recirculating water pump motor occurs near 1.33, the condensate 
and condensate booster pumps have maximum positive peak torques near 1.19. For this 
system, the 1.33 criterion does not effectively limit the peak electromagnetic torque.  
Understanding the transient torque responses shown in Figures 3.5-3.34 and why the 
1.33 criterion is not necessarily a good predictor of peak torque requires knowledge of the 
transient currents that flow into the motor following reclosure. During the dead bus time, the 
trapped stator and rotor fluxes create a decaying motor bus voltage. This residual voltage 
causes transient currents to flow after reclosure that can be larger than the transient currents 
that flow during normal startup.  The transient currents in the stator and rotor circuits have ac 
components and also dc components that affect the trapped fluxes, giving rise to stationary 
magnetic fields [6]. The electromagnetic torque produced in each motor is a function of the 
stator and rotor magnetic fields. Shaltout and Al-Omoush describe six components that make 
up these magnetic fields [6]. The ac current components give rise to magnetic fields with 
synchronous frequency and slip frequency in the stator and rotor, respectively.  The slip 
frequency rotor field rotates synchronously in space. The dc current components give rise to a 
magnetic field that is stationary in the stator and one that is stationary in the rotor. It is 
important to note that the stationary magnetic field component in the rotor actually rotates at 
rotor speed in space. These stationary magnetic fields of the stator and rotor create additional 
ac current components in the opposing circuit. These additional ac current components give 
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rise to the final two magnetic field components, each rotating at rotor frequency.  Again it is 
important to note that the frequency of the component in the rotor is referenced with respect 
to the rotor and rotates in the opposite direction. Therefore this component is stationary in 
space.  
To summarize, the stator and rotor circuit each have three magnetic field components 
that are stationary, rotating synchronously, and rotating at rotor speed. These transient 
magnetic field components give rise to electromagnetic torque components that oscillate with 
synchronous, slip, and rotor frequency as well as to a unidirectional component [6]. The 
combination of these torque components produces the transient electromagnetic torque 
responses shown in Figures 3.5-3.34. Thus, in a multi-motor system such as the one presented 
in this thesis, the transient torque responses include components that are functions of the level 
of trapped flux in the stator and rotor as well as of rotor speed. While some insight into the 
level of trapped flux can be gained by examining the residual motor bus volts per hertz, nothing 
can be said about the rotor speed. The rotor speed of each motor during the dead bus time is a 
function of that motor’s load inertia, load torque, and, in the case of a multi-motor system, 
electromagnetic torque. Therefore, each motor will decelerate differently. The resultant volts 
per hertz does not account for rotor speed, which could explain why it has little meaning as a 
criterion for determining transient torque and why it fails to give consistent results, as shown in 
Figures 3.48-3.50. 
The effects of rotor speed at the time of reclosure can be further examined. The 
condensate and condensate booster pump motors have the same per unit inertias, and 
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therefore one would expect them to decelerate at the same rate. Since the motors still produce 
electromagnetic torque during the dead bus time, however, their decelerations depend on the 
machine dynamics. One would assume that the generator operation of the recirculating water 
pump motor would cause it to have the fastest deceleration, but it in fact decelerates the 
slowest due to its large load inertia. Figure 3.51 shows a plot of the rotor speeds of the three 
motors versus time following disconnection from the source bus at time zero. 
 
Figure 3.51: Rotor Speeds Following Disconnection at     
Figure 3.51 shows that the rotor speeds of the condensate pump and condensate booster 
pump motors are nearly identical after 6 cycles.  It is interesting to note that the maximum 
positive peak torques for these two motors also appear to occur following a 6-cycle bus 
transfer, as illustrated in Figures 3.46-3.47. The recirculating water pump motor reaches this 
same rotor speed slightly after 7 cycles. As illustrated in Figure 3.45, maximum positive peak 
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torque of the recirculating water pump motor appears to occur following a 7-cycle transfer.  
These findings, from Figures 3.45-3.47 and Figure 3.51, show that the maximum positive peak 
torque of each motor following a fast bus transfer in the range of 1-10 cycles occurs in 
correlation with one particular rotor speed. These results alone do not imply causation; 
however, it is known that components of the transient electromagnetic torque are a function of 
rotor speed. The results suggest that each individual rotor speed, a quantity which is not 
captured by the resultant vectorial volts per hertz, is required to predict the peak torque.  
 
  
40 
 
4. Conclusions 
This thesis examined the correlation between the peak electromagnetic transient torque 
experienced during a fast bus transfer and the ANSI reclosing limit of 1.33 per unit volts per 
hertz. An effective method for determining the residual motor bus volts per hertz phasor for 
systems with more than one motor was presented.  A multi-motor bus typical of nuclear power 
stations was modeled and fast bus transfers were simulated for various dead bus times. The use 
of a multi-motor system allowed for the effects of the stator trapped flux to be included. 
Results indicated that peak electromagnetic torque values could occur during transfers within 
the bounds of the 1.33 volts per hertz limit that were greater than peak torque values that 
occurred outside of the limit. These results suggest that using the resultant volts per hertz as an 
analysis tool could lead to unreliable predictions of peak torque and support the findings of 
previous studies of single-motor systems [3]-[6]. An examination of the effects of rotor speed 
revealed a correlation between the rotor speed at reconnection and the peak torque. The 
presence of rotor-frequency-dependent electromagnetic torque components suggests that a 
more accurate prediction of the peak electromagnetic torque requires a criterion that takes 
rotor speed into account. Future work includes studying the effects of rotor speed in 
conjunction with the resultant volts per hertz to examine its role in predicting peak torque. 
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Appendix A:  Nomenclature 
   stator resistance 
   rotor resistance referred to stator 
    stator leakage reactance 
    rotor leakage reactance referred to stator 
   magnetizing reactance 
  poles 
   electromagnetic torque 
   load torque 
   shaft torque 
  combined rotor and load moment of inertia 
  combined rotor and load inertia constant 
   rotor inertia constant 
   load inertia constant 
  shaft spring constant 
   system synchronous frequency 
      system base frequency 
   rotor frequency 
   load frequency 
  reference frame frequency 
   phase A stator voltage 
   phase B stator voltage 
   phase C stator voltage 
    q-axis stator voltage 
    d-axis stator voltage 
    q-axis rotor voltage referred to stator 
    d-axis rotor voltage referred to stator 
   phase A stator current 
   phase B stator current 
   phase C stator current 
    q-axis stator current 
    d-axis stator current 
    q-axis rotor current referred to stator 
    d-axis rotor current referred to stator 
    q-axis stator flux linkages per second 
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    d-axis stator flux linkages per second 
    q-axis rotor flux linkages per second referred to stator 
    d-axis rotor flux linkages per second referred to stator 
    q-axis magnetizing flux linkages per second 
    d-axis magnetizing flux linkages per second 
  open-circuit motor acceleration constant 
  motor open-circuit voltage angle relative to source voltage angle 
  motor open-circuit time constant 
   
   
instantaneous motor bus frequency 
  motor bus voltage 
   motor bus voltage instantaneous magnitude 
 ̃  motor bus volts per hertz phasor 
 ̃  source bus volts per hertz phasor 
 ̃          resultant volts per hertz phasor 
 ̂ Hilbert transform of motor bus voltage 
 ̃         analytic motor bus voltage phasor 
  motor bus voltage angle 
     motor bus voltage angle relative to source bus 
  time 
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Appendix B:  System Block Diagram 
Figure B.1 shows the Simulink model used to simulate the system. The machine parameters are 
entered into the three motor blocks. These blocks implement the equations presented in 
Chapter 2. The load torque blocks can be customized to implement various load torque models. 
The length of the fast bus transfer is specified by the opening and reclosing times of the three 
phase breaker. The simulations and the opening and reclosing times are controlled in Matlab. 
 
Figure B.1 System Block Diagram 
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